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Visual working memorya b s t r a c t
Although it has been well known that visual cues affect the perception of subsequent visual stimuli, rel-
atively little is known about how the cues themselves are processed. The present study attempted to
characterize the processing of a visual cue by investigating what information about the cue is stored
in terms of both location (‘‘where’’ is the cue) and attributes (‘‘what’’ are the attributes of the cue). In
11 experiments subjects performed several trials of reporting a target letter and then answered an
unexpected question about the cue (e.g., the location, color, or identity of the cue). This surprise question
revealed that participants could report the location of the cue even when the cue never indicated the
target location and they were explicitly told to ignore it. Furthermore, the memory trace of this location
information endured during encoding of the subsequent target. In contrast to location, attributes of the
cue (e.g., color) were poorly reported, even for attributes that were used by subjects to perform the task.
These results shed new light on the mechanisms underlying cueing effects and suggest also that the
visual system may create empty object ﬁles in response to visual cues.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
A primary goal of visual cognition is to understand how atten-
tional ﬁlters are affected by visual cues. In this context, the term
visual cue typically refers to a visual stimulus that appears in the
periphery. These cues alter the prioritization of certain stimuli
according to their spatial location, such that processing is
enhanced at the cued location and is diminished at other locations.
This enhancement produces improvements in discrimination accu-
racy, reaction time, and even changes in perceived appearance
(Carrasco, Ling, & Read, 2004; Posner, 1980; Posner, Snyder, &
Davidson, 1980; Shiu & Pashler, 1994). Furthermore, a cue will
cause reductions in accuracy and increases in reaction time for dis-
crimination and detection of stimuli outside of the cued region
(Cheal & Lyon, 1989).
While it has been well established that visual cues cause rapid
and dramatic changes in the attentional ﬁlters employed by the
visual system, relatively little is known about how the cues them-
selves are processed. For example, one issue that has received little
inquiry is the degree to which the cue itself is encoded into mem-
ory when subjects do not expect that they will need to rememberit. The answer to this question has important implications for our
understanding of how attention and memory encoding interact.
For example, in the case of the attentional blink, there are limita-
tions in the rate of memory encoding that are either inherent in
the visual system (Dux & Marois, 2009), or the result of strategic
suppression of attention by memory encoding (Bowman &
Wyble, 2007; Wyble, Bowman, & Nieuwenstein, 2009; Wyble,
Potter, Bowman, & Nieuwenstein, 2011). Speciﬁcally, encoding of
the ﬁrst target (T1) in an attentional blink paradigm reduces the
ability to encode and report the following target (T2).
These dynamicsmay also play a role in spatial cueing effects such
that encoding of the cue itselfmay alter the ability to encode the fol-
lowing target. In other words, the observed effect of a cue on a fol-
lowing target may reﬂect a composition of multiple factors,
including both the attention recruited by the cue aswell as any costs
incurred by encoding the cue into working memory (WM). There-
fore, to clarify how the cues themselves are processed (e.g., encoded
and maintained in the WM) is of great importance for us to fully
understand the mechanisms underlying various cueing effects.
To examine this question, the present study attempted to char-
acterize the processing of the cue by investigating whether mem-
ory traces of the location (‘‘where’’ is the cue) and attributes1 of the, etc) as
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This question has not yet been addressed because, while it has been
easy to study the effect of cues on subsequent targets, it is much
more difﬁcult to study how the cues themselves are encoded into
WM. This is because asking participants to report the cues would
cause a participant to treat them as targets on subsequent trials.
To address this problem, we adopt a paradigm similar to that
used by inattentional blindness studies (e.g., Mack & Rock, 1998;
Rock, Linnett, Grant, & Mack, 1992), although there are several crit-
ical differences. In a typical inattentional blindness study, partici-
pants were asked to focus their attention on one task and then
they were asked to report the information about an unexpected
stimulus in a surprise trial. The result usually shows that partici-
pants rarely report the unexpected stimulus, and such a failure of
report was traditionally attributed to a lack of attention on the
unreportable stimulus.
However, it remains unknown whether people can report the
location or attributes of an expected cue that triggers attention,
but that they have no expectation of reporting. To answer this
question, participants in our paradigm perform several trials of a
cueing experiment in which they report a target letter without
reporting the preceding visual cue, and then answer a surprise
question about the cue (e.g., its location or color). After this point,
the participant’s attentional set is considered to be contaminated
by the expectation that they should try to encode the cue and
the subject is then ineligible to participate in further experiments
regarding this topic.2. Experiment 1
In the ﬁrst experiment we investigated whether the location of
the cue is automatically encoded into WM. We examined this issue
by asking participants to report only the target letter appearing
after the cue in a series of trials and then asking them to report
the location of the cue in a surprise question on the last trial.2.1. Method
Participants: Eighteen Pennsylvania State University undergrad-
uates (all reported normal or corrected-to-normal visual acuity)
participated in this experiment in exchange for credit for a course
requirement. For this and all following experiments, no subjects
were excluded after data collection, and all of the measures that
were recorded from subjects are reported. Before beginning the
experiment, all subjects read and signed a consent form approved
by our institution’s IRB. All of the experiments reported here were
conducted in accord with the Code of Ethics of the World Medical
Association (Declaration of Helsinki). The data from all experi-
ments described in this manuscript are located in ScholarSphere
repository of the Pennsylvania State University at this URL:
https://scholarsphere.psu.edu/collections/5712mc169.
Apparatus: Stimuli were presented on a 17-in CRT monitor with
a resolution of 1024  768 pixels. Participants were seated approx-
imately 50 cm away from the screen and entered responses via a
computer keyboard. The animations were generated by using Mat-
lab with Psychophysics Toolbox extensions (Brainard, 1997; Pelli,
1997) on a Windows XP operating system.
Stimuli: Four black placeholder circles (0.62) were displayed on
the four corners of an invisible square (6.25  6.25), and the black
central ﬁxation cross (0.62) appeared in the center of the invisible
square. The cue consisted of two red rectangle bars (0.15  0.92),2 Our use of the word automatic refers to the fact that the information of cue was
encoded into working memory despite the fact that it was not required to be reported
by subjects on previous trials.with each one 0.63 above and below the placeholder. The targets
were ﬁfteen 0.86  0.62 black English letters (A, B, C, D, F, H, J, K,
L, N, P, R, T, V, X) presented in the Arial font. All the stimuli were pre-
sented on a gray background (RGB: 150/150/150). The mask was
generated by using two overlapped black symbols (@ and #).
Procedure and design:As shown in Fig. 1, each trial beganwith the
ﬁxation cross and four placeholders. After a variable duration (900–
1900 ms), a cue appeared at one of four possible locations (deﬁned
by the four placeholders) for 80 ms. Before the experiment, partici-
pants were instructed that ‘‘You will also see some red bars ﬂash on
the screen before the letter. Sometimes the bars will indicate where
the letter will appear’’. There were 12 trials in this experiment. On
the ﬁrst 11 trials, the cuewas followed by a target in either the same
location (valid condition, 50%of trials) or a different location (invalid
condition, 50% of trials). The SOA between the cue and target was
100 ms and the target was masked 67 ms later and the mask dura-
tion was 100 ms. After a 400 ms blank screen, participants were
asked to report the target letter. However, the ﬁnal trial was a sur-
prise trial, inwhich only the cuewas displayed. After a 567 ms blank
screen following the disappearance of the cue, participants were
asked to report the location of the cue in a surprise question by
choosing one of the numbers 1, 2, 3 or 4which appeared at the same
locations as the four placeholders on the screen. The whole experi-
ment lasted about 2 mins.
2.2. Results and discussion
First 11 trials, target report accuracy: The accuracy in the valid
condition was signiﬁcantly higher than that in the invalid condi-
tion (0.643 vs. 0.113; paired t(17) = 9.719, p < .001), indicating that
the cue was highly effective.
Surprise trial, cue location accuracy: 16 of 18 participants were
correct in the surprise report of the cue location (probability: 16/
18 = 0.89). A binomial test showed that the probability of correct
report of the cue location was much higher than random guessing
(probability of chance is 0.25; p < .001), indicating that the location
of the cue was encoded into WM, despite the fact that subjects had
not previously been asked to report the location. Note that there
could not have been a motion artifact (e.g., apparent motion
between the cue and target) to provide an indication of cue loca-
tion, since there was no target after the cue on the surprise trial.3. Experiment 2
As the cue was the most recently presented stimulus in the sur-
prise trial of Experiment 1, it might be argued that participants
were able to infer the location of the cue by sensing the distribu-
tion of their own covert attention, or by relying on the iconic mem-
ory of the cue (Di Lollo, 1977; Neisser, 1967), rather than encoding
the location into WM. Therefore, Experiment 2 examined these
possibilities by displaying a target letter after the cue in the sur-
prise trial as well as in all other trials.
3.1. Method
This experiment was identical to Experiment 1 with the follow-
ing exceptions. A new group of 20 undergraduates participated in
this experiment. A target letter appeared after the cue in the sur-
prise trial and it was not followed by a mask. On this surprise trial,
participants were asked after target presentation to report ﬁrst the
location of the cue, and were then asked to report the target letter.
For half of the participants, the target was displayed at the same
location as the cue in the surprise trial (valid group). For the
remaining participants, the target was presented on a different
location in the surprise trial (invalid group) (Fig. 2).
Fig. 1. Sample trial sequences in Experiment 1. The two bars were presented in red color during the experiment. The surprise question on the screen was ‘‘This is a surprise
memory test. Where was the red cue on this trial? Press a corresponding number to indicate the location of the red cue’’. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
3 It should be noted that, in those invalid last trails, sometimes participants might
know that the target and cue were not in the same location, although they did not
know the exact location of the cue. If this is true, the probability of chance should be
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First 11 trials, target accuracy: As in Experiments 1, there was a
strong validity effect (0.703 vs. 0.127; t(19) = 11.278, p < .001).
Surprise trial, target accuracy: Target accuracy in the surprise
trial was 0.25 (valid: 0.4 vs. invalid: 0.1), which was lower than
that of the ﬁrst 11 trials (0.415). The decrement of target perfor-
mance in the surprise trial might be due to the surprise cue loca-
tion question before the target task. That is, participants
sometimes might forget the target letter while responding to the
surprise question.
Surprise trial, cue location accuracy: Preliminary analysis showed
that the report of cue’s information (e.g., location, color, or iden-
tity) in the surprise trial was similar between the valid (i.e., the last
trial was a valid trial) and invalid (i.e., the last trial was an invalid
trial) groups for this and all subsequent experiments (exceptExperiment 6 which had no target in the surprise trial). Therefore,
we collapsed these groups together when analyzing memory of the
cue in the surprise trial.
12 of 20 participants correctly reported the location of the cue
in the surprise trial (probability: 12/20 = 0.60) and this perfor-
mance was signiﬁcantly better than chance, whether the probabil-
ity of chance is 0.25 (p = .0009) or 0.33 (p = .011)3. Therefore, the
present experiment replicated Experiment 1; it demonstrated that
the location of cue was indeed encoded into WM and the memory
of the cue location could survive encoding of the subsequent target
letter.0.33 (1/3) rather than 0.25 (1/4).
Fig. 2. Sample trial sequences in Experiment 2. Experiments 3, 4, 7a, 8, 9 and 10 used minor variations of these displays. Experiments 5, 6, and 7b replaced the cue with a pair
of red Arabic numbers as shown. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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To determine whether the memory of the cue’s location could
be disrupted by masking, we ran another experiment in
which masks appeared at all four locations after the target on every
trial.
4.1. Method
This experiment was identical to Experiment 2 except as fol-
lows. A new group of 20 undergraduates participated in this exper-
iment. Each of four possible locations was covered by a mask after
the target letter in every trial, including the surprise trial. The
duration of the target was 94 ms rather than 67 ms due to an
unforeseen limitation in the software but this did not affect the
interpretation of the results.4.2. Results and discussion
First 11 trials, target accuracy: The target report performance
was much higher in the valid than invalid trials (0.852 vs. 0.157;
t(19) = 10.822, p < .001).
Surprise trial, target accuracy: Consistent with the results of
Experiment 2, the target accuracy in the surprise trial (valid: 0.5
vs. invalid: 0.2) was lower than that in the ﬁrst 11 trials (0.350
vs. 0.505).
Surprise trial, cue location accuracy: 16 of 20 participants were
correct in the cue location task in the surprise trial (probability:
16/20 = 0.8), and this performance was signiﬁcantly better than
chance (chance probability is 0.25: p < .001; chance probability is
0.33: p < .001). This result indicated that the location of the cue
was encoded and maintained in WM even when all 4 possible tar-
get locations were masked.
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the location of a cue is automatically encoded and stored during
typical cueing trials, and this memory trace can survive the pro-
cessing of the subsequent target letter, regardless of whether the
target was masked or not.5. Experiment 4
We next wanted to investigate whether attributes of the cue
were also automatically encoded. In this case, we ask about color.5.1. Method
This experiment was identical to Experiment 2 with the follow-
ing exceptions. A new group of 22 undergraduates participated in
this experiment. There were four different types of cue color
(red, blue, yellow and purple)4 which were counterbalanced across
the set of 16 trials and were presented in a randomly shufﬂed order
during the experiment. In the surprise trial, after the presentation of
the target letter, all four colors together with four corresponding
numbers (1–4) were displayed on the screen and participants were
asked to report which one matched the color of the cue on this trial
by pressing a corresponding number before reporting the target let-
ter in the usual way.5.2. Results and discussion
First 15 trials, target accuracy: There was a strong validity effect
(0.687 vs. 0.166; t(21) = 8.348, p < .001).
Surprise trial, target accuracy: 9 of 22 participants correctly
reported the target in the surprise trial (valid: 0.36 vs. invalid:
0.45), which was similar to the previous 15 trials (0.409 vs. 0.426)
Surprise trial, cue color accuracy: In contrast to the accurate per-
formance of the surprise cue location test in previous experiments,
only 5 of 22 participants were correct in the surprise cue color task
(probability: 5/22 = 0.23), and this performance did not signiﬁ-
cantly differ from chance (chance probability is 0.25: p = .677). This
result indicated that, unlike location, the color of the cue was not
automatically encoded into WM.6. Experiment 5
The experiment 4 showed that the color of the cue was not
automatically encoded into memory as well as the location of the
cue. Here we sought to generalize this effect by using red Arabic
numbers as the cue and then asked participants to report the
identity of the cue in a surprise test.6.1. Method
This experiment was identical to Experiment 2 with the excep-
tions as follows. A larger group of 28 undergraduates participated
in this experiment to increase the power of this test (note that our
results would be stronger if cue identity report is not signiﬁcantly
better than chance when using a larger power test). The cue was
composed of two identical red Arabic numbers (2, 3, 4, or 5) pre-
sented in font size 30 (1.06  0.72), 1.26 above and below the
placeholders as shown in Fig. 2. In the surprise trial, participants
were given an unexpected task: to report the number that was
used as the cue in the trial they just saw.4 RGB of the cue color: red (22000); blue (0220220); yellow (2202200); purple
(19045200).6.2. Results and discussion
First 11 trials, target accuracy: Participants showed signiﬁcantly
better performance in reporting the target letter in the valid than
invalid trials (0.627 vs. 0.240; t(27) = 5.994, p < .001). This ﬁnding
indicates that the red numbers were effective in triggering atten-
tion in a similar manner to the bars in previous experiments.
Surprise trial, target accuracy: 13 of 28 participants correctly
reported the target letter after the surprise cue identity task (valid:
0.64 vs. invalid: 0.29) and this performance was similar to that in
the previous 11 trials (0.464 vs. 0.434).
Surprise trial, cue identity accuracy: Only 10 of 28 participants
correctly reported the identity of the cue in the surprise trial,
and this performance (probability 10/28 = 0.36) did not signiﬁ-
cantly differ from chance (chance probability is 0.25: p = .139),
indicating that the identity of the cue was poorly encoded.7. Experiment 6
Is it possible that the color and identity of the cue were encoded
into memory ﬁrst and then were overwritten by the subsequent
target letter? Despite the fact that Experiment 2 demonstrated that
this is not the case for memory of the location of the cue, here we
want to further test this possibility for the identity of the cue by
displaying the cue (Arabic numbers) in the surprise trial without
a following target.7.1. Method
This experiment was identical to Experiment 5 with the excep-
tions as follows. A new group of 19 undergraduates participated in
this experiment. In the surprise trial, only the cue was presented.7.2. Results and discussion
First 11 trials, target accuracy: Participants performed better in
the valid compared to invalid trials on the target report task
(0.498 vs. 0.207; t(18) = 4.217, p < .001).
Surprise trial, cue identity accuracy: Only 7 of 19 participants
were correct in the surprise cue identity task even though only
the cue appeared in the surprise trial, and this performance (prob-
ability 7/19 = 0.37) was not signiﬁcantly higher than chance
(chance probability is 0.25: p = .175). This result indicated that
the poor performance of surprise cue identity task in Experiment
5 was not due to overwriting of identity information by the subse-
quent target letter.8. Experiments 7a and 7b
The Experiments 4–6 provided converging evidence that the
attributes of the cue were poorly encoded into memory. Is it pos-
sible these results reﬂect the basic limitation of periphery vision?
In other words, because of chromatic insensitivity and poor resolu-
tion at the cue’s peripheral location, participants might be unable
to report the attribute of cue even though they know something
appeared there5. Experiments 7a and 7b were conducted to examine
this possibility by respectively replicating Experiments 4 and 5 but
adding additional control trials following the surprise trial, in which
participants were again asked the attributes (color in the Experiment
7a and identity in the Experiment 7b) of the cue as in the surprise
trial. A perceptual limitation would be eliminated if participants
can report the attributes of cue in these control trials.5 We thank an anonymous reviewer for bringing this possibility to us.
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9.1. Method
This experiment was identical to Experiment 4 with the excep-
tions as follows. A new group of 22 participants participated in this
experiment. There were 19 trials before the surprise trial and 4
extra control trials subsequent to the surprise trial. The control tri-
als were identical to the surprise trial.
9.2. Results and discussion
First 19 trials: There was a highly signiﬁcant cueing effect (0.790
vs. 0.151; t(21) = 15.576, p < .001).
Surprise trial: This experiment replicated Experiment 4 by
showing that only 8 of 22 participants correctly report the color
of cue in the surprise trial, and this performance (probability
8/22 = 0.36) was not signiﬁcantly higher than chance (chance
probability is 0.25: p = .161). As in previous trials, there was a
strong cue validity effect on the target report in the surprise trial
(valid: 0.545 vs. invalid: 0).
Control trials: The performance of cue’s color report in these 4
control trials were 0.82, 0.96, 0.96, and 1.0 respectively.
10. Experiment 7b
10.1. Method
This experiment was identical to Experiment 5 with the follow-
ing exceptions. A new group of 20 participants participated in this
experiment. There were 4 extra control trials subsequent to the
surprise trial. The control trials were identical to the surprise trial.
10.2. Results and discussion
First 11 trials: The spatial-cueing effect was highly signiﬁcant
(0.606 vs. 0.207; t(19) = 5.544, p < .001).
Surprise trial: This experiment essentially replicated Experiment
5 by revealing that only 8 of 20 (valid: 3/7 vs. invalid: 5/13) partic-
ipants could correctly report the identity of cue in the surprise trial,
and this performance (probability 8/20 = 0.4) did not signiﬁcantly
differ from chance (chance probability is 0.25: p = .102). The target
report performance in the surprise trial (valid: 0.429 vs. invalid:
0.384) was the same as that in pre-surprise trials (0.407 vs. 0.407).
Control trials: Critically, participants could accurately report the
identity of cue in the four control trials (0.75, 0.80, 0.90, and 0.95).
In summary, Experiments 7a and 7b replicated Experiments 4
and 5. More importantly, participants could easily report these
same attributes once they have an expectation to do so, as shown
by the results in the control trials. Therefore, these two experi-
ments ruled out the aforementioned possibility that participants’
inability to report the attribute of cue was due to the limitation
of peripheral vision.
11. Experiments 8–10
Until now, the previous experiments showed that participants
performed well in the surprise test of a cue’s location but not the
surprise test of a cue’s attributes, indicating that the location, but
not the attributes of a cue, was automatically encoded and main-
tained in WM. However, it may be argued that the location of
the cue was relevant to the target task (since it indicates the loca-
tion of the following target letter) but the attributes were irrele-
vant. Experiments 8–10, therefore, were conducted to address
this possibility. Speciﬁcally, in Experiments 8 and 9 we made thelocation of the cue task-irrelevant by setting the cue validity as
0% and 25% (equal to the random probability) respectively, instead
of 50% as in previous experiments, and asked participants to report
cue location in a surprise test. In contrast, in Experiment 10 we
made the color of the cue task-relevant by asking subjects to use
the color to identify which of 4 colored items was the cue and then
asked them to report the color in the surprise test. Note that by
task-relevant, we do not mean the necessity to report the informa-
tion, but just that the color would have a clearly deﬁned role in
specifying how attention should be allocated to optimize
performance.
If the aforementioned relevance hypothesis is true, then here
we should observe a completely opposite result than in the previ-
ous experiments. That is, participants should perform poorly in the
surprise cue location task in Experiments 8 and 9 but show good
performance in the surprise cue color task in Experiment 10. How-
ever, if location encoding is automatic and task-relevance is not
sufﬁcient to force participants to encode attributes, then they
should still show good performance in the surprise cue location
task in Experiments 8 and 9 and poor performance in the surprise
cue color task in Experiment 10.12. Experiment 8
As mentioned before, here we want to test the relevance
hypothesis by making the cue location less task-relevant. To be
speciﬁc, the target in this experiment would never appear at the
location of the cue and participants were explicitly informed of this
before the experiment.12.1. Method
This experiment was identical to Experiment 3 with the excep-
tion as follows. A new group of 20 undergraduates participated in
this experiment. The cue was 100% invalid with respect to indicat-
ing the location of the following target. In order to discourage the
participants from attending to the cue, before the experiment, par-
ticipants were instructed that ‘‘the target letter will never appear
at the same location as the red bars, and please ignore the red bars
during the experiment’’.12.2. Results and discussion
First 11 trials, target accuracy: Since all these trials were invalid,
participants correctly reported the target in only 21.36% of trials.
Surprise trial, target accuracy: 2 of 20 participants could correctly
report the target letter after the surprise cue location test, which
was lower than that of previous 11 trials (0.10 vs. 0.21).
Surprise trial, cue location accuracy: 17 of 20 participants per-
formed well in the surprise cue location task and their perfor-
mance (probability: 17/20 = .85) was signiﬁcantly better than
chance (when chance probability is 0.25: p < .001; when chance
probability is 0.33: p = .016). These ﬁndings indicated that subjects
automatically encode the location of a visual cue, even when they
are explicitly asked to ignore it and it never occurs at the target
location.13. Experiment 9
It might be argued that the cue location in Experiment 8 pro-
vided some information because it indicates where the target
would not be. Accordingly, in this experiment we make the cue
completely spatially uninformative.
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This experiment was identical to Experiment 8 with the excep-
tion as follows. A new group of 20 undergraduates participated in
this experiment. The cue validity was 25%, which was equal to
chance. Before the experiment, participants were informed that
the cue would be uninformative in predicting the following target
location and they were asked to ignore the cue during the
experiment.
13.2. Results and discussion
First 11 trials, target accuracy: Participants performed better in
the valid than invalid trials (0.942 vs. 0.246; t(19) = 13.978,
p < .001). This result is consistent with previous studies (Yantis &
Jonides, 1990) which showed that an exogenous cue can capture
attention even when it is spatially uninformative.
Surprise trial, target accuracy: As in previous experiments, the
target report after the surprise location test (valid: 0.4 vs. invalid:
0) was worse than that in the ﬁrst 11 trials (0.20 vs. 0.59).
Surprise trial, cue location accuracy: Replicating the results of
Experiment 8 precisely, 17 of 20 participants again correctly
reported the cue location in the surprise test and their performance
(probability: 17/20 = 0.85) was signiﬁcantly better than chance
(chance probability is 0.25: p < .001; chance probability is 0.33:
p = .016). The ﬁndings of the present experiment provided further
evidence that location is encoded automatically.14. Experiment 10
Here we sought to further test the relevance hypothesis by
making the cue color task-relevant. To be speciﬁc, we asked partic-
ipants to use the color of a cue to ﬁnd the most likely location of
the target.
14.1. Method
This experiment was identical to Experiment 4 with the excep-
tions as follows. A new group of 20 undergraduates participated in
this experiment. The trial began with a colored (red, blue, yellow,
or purple using the RGB speciﬁcations above) central ﬁxation and
after 200 ms four differently colored (red, blue, yellow, and purple)
placeholders appeared. One of these four colored placeholders had
the same color as the ﬁxation. The ﬁxation and placeholders then
remained on the screen for 500 ms after which a target letter
was either displayed at the location of the placeholder with the
same color as the ﬁxation (50% of trials) or randomly at any one
of three remaining locations (50% of trials). After 94 ms of target
display, four masks appeared at these same four locations. Partici-
pants were instructed that the cue which indicated the likely loca-
tion of the target had the same color as the ﬁxation cross, and they
were asked to pay attention to the color. As before, they were then
asked to type the letter at the end of each trial. In the surprise trial,
subjects were surprisingly asked to report the color of the cue (the
placeholder that has the same color as the ﬁxation) before report-
ing the target letter. Before the experiment, subjects were given
four practice trials.
14.2. Results and discussion
First 15 trials, target accuracy: Participants performed signiﬁ-
cantly better when the target appeared at the location of the place-
holder that has the same color as the ﬁxation than when it
appeared at the location of the placeholder of a different color
(0.907 vs. 0.732; t(19) = 2.519, p = .021), indicating that partici-pants had effectively used the color of the ﬁxation to search for
the placeholder with that same color (i.e., the cue) that indicates
the probable location of the subsequent target.
Surprise trial, target accuracy: As in previous experiments, the
performance of the target report task in the surprise trial (valid:
0.8 vs. invalid: 0.4) was lower than that of the previous 15 trials
(0.60 vs. 0.82).
Surprise trial, cue color accuracy: In line with Experiment 4, par-
ticipants still showed poor performance in the surprise color task,
with only 7 of 20 participants being able to report the color of the
cue (placeholder with the same color as the ﬁxation), and this per-
formance (probability: 7/20 = 0.35) was comparable to chance
(chance probability is 0.25: p = .214), even though color was now
a relevant attribute that had been used by participants to perform
the target task.
These ﬁndings suggest that despite the fact that participants
had used the color to ﬁnd the most likely target location (i.e., it
was task relevant), this requirement did not necessarily cause
them to encode the color into WM. Instead, participants might
have compared the color of the ﬁxation to placeholders. This ﬁnd-
ing is consistent with the inattentional amnesia hypothesis which
suggests that the inability to notice an object or a change might
reﬂect a failure of encoding the information into WM (Moore &
Egeth, 1997; Wolfe, 1999), rather than a failure of perceiving the
stimulus as suggested by the inattentional blindness hypothesis
(e.g., Mack & Rock, 1998). Furthermore, these data clearly showed
that whether a stimulus is task-relevant does not necessarily
determine that it will be stored in a reportable memory trace.
Another point that needs to be mentioned is that the present
experiment was based on an endogenous shift of spatial attention
(participants endogenously deployed their attention to the place-
holder that shares the same color as the ﬁxation), which was differ-
ent from the other experiments that manipulated exogenous
spatial attention by using a transient visual cue.15. General discussion
In a series of 11 experiments, we investigated how cues are
remembered during a typical cueing experiment (i.e., one in which
participants were only asked to report the targets but not the cues
themselves). In particular, we explored whether the location and
attributes (e.g., color and identity) of visual cues were encoded into
WM even under the expectation that the cues were not required to
be reported. We found that the location of the cue was well
encoded into WM, while the attributes of the cue were poorly
encoded, regardless of whether they were relevant to the target
task or not. Moreover, memory of the location of the cue was suf-
ﬁciently durable to survive processing of the subsequent targets.
The summarized results of all experiments were shown in Table 1.
We interpret these results as suggesting that a spatial cue produces
an obligatory object ﬁle representation that contains spatiotempo-
ral information concerning the cue, with the option to add attri-
bute information in a subsequent processing step. We describe
this idea in greater detail below. To ensure that the inability to
report the attributes of the cue was not due to a subset of partici-
pants who learned to ignore the cue, we conducted a follow-up
analysis on the data from Experiments 4, 5, 7a, 7b, and 10. For all
of the participants who failed to report the cue attribute, we found
a highly signiﬁcant cueing effect on the preceding trials (valid:
0.708 vs. invalid: 0.283; p < .001).16. Relation of cue memory to inattentional blindness
The present study used a surprise-test paradigm that is very
similar to those used by inattentional blindness studies (e.g.,
Table 1
Summarized results of all experiments. Colored bars indicates that there are 4 possible colors of the bars. Colored ‘o’ indicates that there were 4 placeholders of different colors, one
of which was the cue according to its color.
Exps. Cue type Cue validity Stimuli on the surprise trial Surprise task Accuracy on the
surprise trial
Average accuracy on the
4 control trials
1 Red bars 50% Cue Cue location 89% correct N/A
2 Red bars 50% Cue & target Cue location 65% correct N/A
3 Red bars 50% Cue & target & mask Cue location 80% correct N/A
4 Colored bars 50% Cue & target Cue color 23% correct N/A
5 Red numbers 50% Cue & target Cue identity 36% correct N/A
6 Red numbers 50% Cue Cue identity 37% correct N/A
7a Colored bars 50% Cue & target Cue color 36% correct 93.2%
7b Red numbers 50% Cue & target Cue identity 40% correct 85%
8 Red bars 0% Cue & target & mask Cue location 85% correct N/A
9 Red bars 25% Cue & target & mask Cue location 85% correct N/A
10 Colored ‘o’ 50% Cue & target & mask Cue color 35% correct N/A
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evance blindness (Eitam, Yeshurun, & Hassan, 2013). However,
there are some important differences between our study and those
demonstrating inattentional blindness. First, in typical inattention-
al blindness studies, the stimulus of interest is never displayed
before the surprise test and subjects have no expectation of the
appearance of the critical stimulus. The present study, however,
displayed the cue stimulus on every trial and subjects were
informed of this before the experiment. Second, and more impor-
tantly, in inattentional blindness studies participants were usually
preoccupied by an attentionally demanding task at a different loca-
tion and thus did not pay attention to the surprise test stimulus;
while the cue in the present study was placed so as to bracket
the placeholders at which the target could appear and thus should
have been attended. That these cues were attended was demon-
strated by the consistent cueing effect on target report in all of
the experiments. Therefore, contrary to inattentional blindness
studies which usually attribute the failure to report a salient unex-
pected stimulus to a lack of attention to that stimulus, the present
study showed evidence that subjects even failed to report the attri-
butes of an attended cue (Experiments 4, 5, 6, 7a, and 7b) as well as
a task-relevant attribute of an attended cue (Experiment 10). These
results complement another recent ﬁnding that participants can
attend directly to a particular attribute of a speciﬁc stimulus and
yet be unable to report that attribute in a surprise test (Chen &
Wyble, in press).17. The interaction of memory and attention
As mentioned in the introduction, some theories of the atten-
tional blink (i.e. the AB; e.g., Bowman & Wyble, 2007; Wyble
et al., 2009; see Martens & Wyble, 2010 for review) place consider-
able importance on the encoding of a target as a causative factor in
producing the AB. Such a theory applied to spatial cueing para-
digms would suggest that the encoding of information about a
cue inhibits the allocation of attention to a following target, which
might explain at least some of the behavioral consequences of spa-
tial cueing. Speciﬁcally, encoding information about the cue into
memory would be predicted to inhibit the deployment of attention
to the target’s location, which would particularly go at the expense
of the ability to identify the target in an invalid trial. This theory
would thereby establish a potential link between the AB and spa-
tial cueing effects.
Thus, our ﬁndings that participants did reliably encode some
information about the cue are likely to be a crucial part of our
ongoing efforts to understand the underlying mechanisms
involved in the costs and beneﬁts of attentional cueing. Future
work will examine this question more directly by asking partici-
pants to remember the location and attributes of a cue as well asreporting the target, and to measure how the spatial cueing effect
is affected by varying the amount of information about the cue that
needs to be retained. Some preliminary investigations have
revealed that when participants need to report a cue’s attributes,
the size of the invalidity effect is increased. Importantly, asking
participants to report the cue’s location does not increase the inval-
idity effect (Chen & Wyble, 2014), which is consistent with our
ﬁndings here because we found that participants are encoding
the location whether we asked them to or not.18. Why might the location but not the attributes of visual cues
be automatically encoded into WM?
In line with previous studies (e.g., Golomb, Kupitz, & Thiemann,
2014; Huang, 2010), the present study demonstrated the privi-
leged role of cue location over attribute memory. Such a privilege
can be explained well by a variation of the object ﬁle theory
(Kahneman, Treisman, & Gibbs, 1992; Mitroff, Scholl, & Wynn,
2004, 2005). Speciﬁcally, an object ﬁle will be established, on the
basis of the spatiotemporal representation (e.g., the location and
particular time of appearance) of a stimulus. An early description
of the object-ﬁle theory (Kahneman & Treisman, 1984) proposed
that on initial exposure to a new object, the ﬁrst representation
that is created contains only the spatial and temporal information
of the stimulus, with the attributes perhaps to be added later. In
such a framework, an object might be deﬁned as a set of edges that
occupy a clearly deﬁned region of the visual ﬁeld and appear at the
same time. In the case of our experiment, the ﬁxation cross, the
targets, the four placeholders, and the individual cue bars would
each create a distinct object representation within the visual
system.
A core component of this theory is the idea that object ﬁles are
indexed according to their location within a map. This idea that
location is fundamental to an object-ﬁle representation is further
supported by Mitroff and Alvarez (2007) who found that spatio-
temporal contiguity is essential for updating object-ﬁles, but attri-
butes alone were ineffective at causing object-ﬁle representations
to shift. Therefore, to explain the data from the present study, we
suggest that the appearance of a cue triggers the obligatory estab-
lishment of an empty object ﬁle, which inherently represents the
location but not the attributes of the cue. Since reporting informa-
tion about the cue is not a part of the participants’ task set, the
attributes associated with the cue are not attached to the object ﬁle
representation. However, the ability to report the cue’s location
suggests that the fact that the cue is unnecessary for the current
task does not prevent the object ﬁle from being created. Notice that
the inattentional blindness studies sometimes show that partici-
pants have no awareness of the appearance of an unexpected stim-
ulus, suggesting that an object ﬁle representation might not be
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tion of a stimulus. Therefore, future studies could explore the
necessity of creating an object ﬁle in a response to a stimulus by
systematically exploring the methodological differences between
inattentional blindness studies and the present studies.
The distinction between creating an object-ﬁle vs. encoding all
of its attributes is also apparent in a recent study by Eitam et al.
(2013) in which participants were simply asked to encode one of
two concentrically presented colors and were then tested on the
other color. Their data were consistent with one aspect of our
results in ﬁnding that attributes of an attended stimulus are not
necessarily encoded into memory. Note that Lin, Hubert-
Wallander, Murray, and Boynton (2011) provided an example of
the color of a cue affecting a subsequent search task, which pro-
vides some evidence that participants store the attributes of a
cue in memory traces that persist for at least a few hundred milli-
seconds, which would be consistent with storage in iconic
memory.19. Encoding failure vs. encoding and forgetting
In memory experiments, it is typically difﬁcult to deﬁnitively
conclude that apparent encoding failures are not the result of suc-
cessful encoding followed by forgetting. Likewise, in these experi-
ments, it is possible that in the case of failures to encode cue’s
attributes (Experiments 4, 5, 6, 7a, 7b, and 10), subjects had created
WM representations of the color or identity of the object, but then
erased those memory traces prior to report. However we ﬁnd this
possibility unlikely for three reasons. First, in most of the experi-
ments, subjects were reliably able to report location information
about the cue in a surprise test, even after it had been masked. This
suggests that the surprise test itself did not cause WM to be com-
pletely erased. Second, the cue retention interval, i.e., the duration
between the cue onset and the surprise test, was less than 0.7 s and
questions about the target were deferred until after the cue report.
Finally, in Experiment 6, in which subjects failed to report cue dig-
its, there was no target letter or mask following the cue. The cue
was the last stimulus shown on the screen prior to the surprise test
and yet subjects were still unable to report its identity at above
chance. For these reasons, we ﬁnd it highly unlikely that WM
traces were formed but immediately forgotten.
The rapid forgetting hypothesis can perhaps be tested in future
work by forcing participants to brieﬂy store information during the
trial, for example, by masking the ﬁxation cross and placing a
retention interval prior to the cue display in Experiment 10. Exper-
iments of this sort will be used in ongoing work to further investi-
gate the validity of the failed encoding and rapid forgetting
hypotheses.20. Conclusion
Our studies have found convergent evidence that location infor-
mation about a cue is encoded into memory even when partici-
pants have no expectation that they will have to report that
information. However, we found that highly salient attribute infor-
mation, such as color, or unmasked digit identity, was poorly
encoded into memory, even when this information was made
task-relevant.
In addition, as the cue in this study was always highly effective
in affecting spatial focus of attention, the present study demon-
strated that the attribute (of the cue) that had triggered the alloca-
tion of spatial attention was not guaranteed to be encoded into
WM. These ﬁndings contribute to our understanding of how mem-
ory and attention interact, and also point to the importance ofexpectation in deﬁning which stimulus attributes are encoded into
memory.Author contributions
Hui Chen performed the programming, data collection, analysis
and most of the writing. Brad Wyble contributed writing, editing
and the original concept for the study. Both authors approved
the ﬁnal version of the manuscript for submission.
Acknowledgments
The authors wish to thank Philip Derise, Michelle Sheng, Greg
Wade, Jenna Cohen, Sebastian Rolotti, Zhenye Zhang, Emily Adams,
Rosanny Reyes, Joseph Stucynski and Alaina Zappas for help in run-
ning the experiments. This work was supported by NSF Grant BCS-
1331073.
References
Bowman, H., & Wyble, B. (2007). The simultaneous type, serial token model of
temporal attention and working memory. Psychological Review, 114, 38–70.
Brainard, D. H. (1997). The psychophysics toolbox. Spatial Vision, 10, 433–436.
Carrasco, M., Ling, S., & Read, S. (2004). Attention alters appearance. Nature
Neuroscience, 7, 308–313.
Cheal, M. L., & Lyon, D. (1989). Attention effects on form discrimination at different
eccentricities. Quarterly Journal of Experimental Psychology, 41, 719–746.
Chen, H., & Wyble, B. (in press). Amnesia for object attributes: Failure to report
attended information that had just reached conscious awareness. Psychological
Science. http://dx.doi.org/10.1177/0956797614560648.
Chen, H., & Wyble, B. (2014). Encoding suppression: Linking spatial cueing costs to
the attentional blink. Journal of Vision, 14, 1037.
Di Lollo, V. (1977). Temporal characteristics of iconic memory. Nature, 267,
241–243.
Dux, P. E., & Marois, R. (2009). The attentional blink: A review of data and theory.
Attention, Perception, & Psychophysics, 71, 1683–1700.
Eitam, B., Yeshurun, Y., & Hassan, K. (2013). Blinded by irrelevance: Pure irrelevance
induced ‘‘blindness’’. Journal of Experimental Psychology: Human Perception and
Performance, 39, 611–615.
Golomb, J. D., Kupitz, C. N., & Thiemann, C. T. (2014). The inﬂuence of object location
on identity: A ‘‘spatial congruency bias’’. Journal of Experimental Psychology:
General.
Huang, L. (2010). Characterizing the nature of visual conscious access: The
distinction between features and locations. Journal of vision, 10, 1–17.
Kahneman, D., Treisman, A., & Gibbs, B. J. (1992). The reviewing of object ﬁles:
Object-speciﬁc integration of information. Cognitive Psychology, 24, 175–219.
Kahneman, D., & Treisman, A. (1984). Changing views of attention and automaticity.
In R. Parasuraman & D. R. Davies (Eds.), Varieties of attention (pp. 29–61). New
York: Academic Press.
Kanwisher, N., & Driver, J. (1992). Objects, attributes, and visual attention: Which,
what, and where. Current Directions in Psychological Science, 1, 26–31.
Lin, J. Y., Hubert-Wallander, B., Murray, S. O., & Boynton, G. M. (2011). Rapid and
reﬂexive feature-based attention. Journal of Vision, 11, 1–9.
Mack, A., & Rock, I. (1998). Inattentional blindness. The MIT Press.
Martens, S., & Wyble, B. (2010). The attentional blink: Past, present, and future of a
blind spot in perceptual awareness. Neuroscience & Biobehavioral Reviews, 34,
947–957.
Mitroff, S. R., & Alvarez, G. A. (2007). Space and time, not surface features, guide
object persistence. Psychonomic Bulletin & Review, 14, 1199–1204.
Mitroff, S. R., Scholl, B. J., & Wynn, K. (2004). Divide and conquer how object ﬁles
adapt when a persisting object splits into two. Psychological Science, 15,
420–425.
Mitroff, S. R., Scholl, B. J., & Wynn, K. (2005). The relationship between object ﬁles
and conscious perception. Cognition, 96, 67–92.
Moore, C. M., & Egeth, H. (1997). Perception without attention: Evidence of
grouping under conditions of inattention. Journal of Experimental Psychology:
Human Perception and Performance, 23, 339–352.
Neisser, U. (1967). Cognitive psychology. New York: Appleton-Century-Crofts.
Pelli, D. G. (1997). The video toolbox software for visual psychophysics:
Transforming numbers into movies. Spatial Vision, 10, 437–442.
Posner, M. I. (1980). Orienting of attention. Quarterly Journal of Experimental
Psychology, 32, 3–25.
Posner, M. I., Snyder, C. R. R., & Davidson, B. J. (1980). Attention and the detection of
signals. Journal of Experimental Psychology: General, 109, 160–174.
Rock, I., Linnett, C. M., Grant, P., & Mack, A. (1992). Perception without attention:
Results of a new method. Cognitive Psychology, 24, 502–534.
Shiu, L., & Pashler, H. (1994). Negligible effect of spatial precuing on identiﬁcation of
single digits. Journal of Experimental Psychology: Human Perception &
Performance, 20, 1037–1054.
H. Chen, B. Wyble / Vision Research 107 (2015) 76–85 85Wolfe, J. M. (1999). Inattentional amnesia. In V. Coltheart (Ed.), Fleeting
memories: Cognition of brief visual stimuli (pp. 71–94). Cambridge, MA:
MIT Press.
Wyble, B., Bowman, H., & Nieuwenstein, M. (2009). The attentional blink provides
episodic distinctiveness: Sparing at a cost. Journal of Experimental Psychology:
Human Perception and Performance, 35, 787–807.Wyble, B., Potter, M. C., Bowman, H., & Nieuwenstein, M. (2011). Attentional
episodes in visual perception. Journal of Experimental Psychology: General, 140,
488–505.
Yantis, S., & Jonides, J. (1990). Abrupt visual onsets and selective attention:
Voluntary versus automatic allocation. Journal of Experimental Psychology:
Human Perception and Performance, 16, 121–134.
